munications satellites and other space-based applications) gallium nitride (GaN) is more robust to radiation damage than many other III-V materials [1] [2] [3] [4] .
Oxide-insulated AlGaN/GaN high electron mibility transistors (HEMTs) exhibit reduced gate current under normal operating conditions, and on/off current ratios improved by several orders of magnitude, as compared to equivalent Schottky-gate devices [5] [6] [7] . There is limited single-event-effect (SEE) information on AlGaN/GaN HEMT devices [8] , [9] . Single event gate rupture was evaluated for AlGaN/GaN HEMTs in [9] .
This work reports the results of ion-induced charge-collection experiments in AlGaN/GaN metal-oxide-semiconductor (MOS) HEMTs and Schottky-gate HEMTs. Results were obtained using broadbeam 14.3 MeV oxygen ions and microbeam 48 MeV silicon ions. In each case, the transient signals were captured in real time. For the microbeam data, the location of individual ion strikes was also recorded. Depending on strike location, current transients appear either between the gate and the drain, or between the gate and the source. Analysis of the band structure of the device using 2D TCAD simulations shows that hole collection at the gate is favorable under off-state conditions, even for devices with an oxide layer. In contrast, the valence band barrier created by an gate-oxide reduces hole collection to a level below the resolution of the test setup.
II. DEVICE DESCRIPTION
Each device under test (DUT) was an AlGaN/GaN HEMT or MOS-HEMT grown on a highly-resistive silicon substrate. Fig. 1a shows a schematic cross-section of the device, which is described in further detail in [5] . The gate electrode is A Ni/Au/Ni. A layer of 25% Al AlGaN is followed by a m layer of (unintentionally doped) GaN. A m layer of GaN serves as a transition to the resistive silicon substrate. The MOS-HEMT devices have a 4 nm insulating layer of either or deposited between the AlGaN layer and gate electrode. The two-dimensional electron gas (2DEG) is formed in the GaN buffer layer, adjacent to the AlGaN, shown by the red and black dashed line in Fig. 1a . The structures of interest are arrays of two HEMT or MOS-HEMT devices, with two source contacts and shared drain and gate contacts. The drawn gate lengths are either m (MOS devices) or m (Schottky device). Each device has a source-to-gate and drain-to-gate spacing of m. DC characteristics for an -gate device are shown in Fig. 2 . The layout of a single structure (two HEMT devices) is shown in Fig. 3 . Note that each device is normally on unless a negative gate bias is applied, and in general . Since the devices are developmental in nature, variation is seen in threshold voltages, even with devices of the same gate/gate-oxide type.
is taken as the effective gate voltage and -.
III. EXPERIMENTAL WORK

A. Pulse Capture Setup
The test setup employed for this study is constructed to measure a high-speed transient signal with a real-time oscilloscope. The total collected charge is determined by numerically integrating the signal waveform captured by the oscilloscope over time. Similar setups were used in [10] [11] [12] [13] to capture radiation-induced transient response of devices.
For all tests, the device under test was mounted on a custommilled metal package fabricated with microstrip transmission lines and 2.92 mm K-connectors. The microstrip transmission lines are thin gold conductors separated from the ground plane by a dielectric substrate. They are attached via conductive epoxy directly to the metal package. For a given connection to the device, short bondwires run from the bondpads on the die to the microstrip conductor. Conductive epoxy connects the microstrip to the package-mounted K-connector, which consists of a stress-relieving connection and a flange launcher, both of which are impedance-matched to the rest of the system and have a bandwidth of 40 GHz.
The microstrip transmission lines are impedance-matched to the rest of the system ( characteristic impedance), and are characterized by dB loss at frequencies up to 30 GHz. To reduce the effects of parasitic inductance between the bondwires coming off the chip and the microstrip transmission lines, the bondwire lengths were kept as short as reasonably possible. Similar packaging schemes have been characterized more quantitatively in [14] . All cables and connections in the signal path are rated for bandwidths exceeding 24 GHz. The signal path components were chosen to have a matched impedance from the microstrip transmission lines to the front end of the oscilloscope used for the measurements.
S-parameters can be used to infer information about parasitics, attenuation, and reflection. Fig. 4 shows the S-parameters of a custom-milled high speed package composed of identical signal-path components to those used in the experimental work, including gold bondwires, microstrip transmission lines, and K-connectors. The frequency response of the high speed packages was evaluated with an Agilent PNA-X N5245A programmable network analyzer. Two terminals were connected through a bondwire with similar length to that of the DUT connected between Port A (input) and Port B (output). In the figure, tracks almost exactly, and tracks almost exactly. The insert figure is the TDR response of the same package, after [15] . and represent the input and output port reflection coefficients, respectively; and represent the forward and reverse transmission coefficients, respectively. At frequencies up to 25 GHz, the insertion loss (-) is dB, and the reflection coefficients at each port ( and ) are -dB. The quality of the signal path at high frequencies is further supported by the time-domain reflectometry (TDR) measurement shown in the insert [15] .
The DC bias for each terminal of the device is provided through a Picosecond Pulse Labs model 5542-219 bias-tee ( characteristic impedance, 40 GHz minimum bandwidth, 7 ps risetime). An Agilent 4156 parameter analyzer is used periodically to monitor the health of the device and to record any shift in threshold voltage. In each experiment, DC bias is applied to the gate and drain, and the source is connected to ground. The backside of the die is attached via conductive epoxy to the metal package; the metal package is grounded for all measurements.
B. Broadbeam Experimental Setup
Transient events were induced by strikes of 14.3 MeV oxygen ions provided by Vanderbilt's Pelletron electrostatic particle accelerator, supplying an average flux of particles/s-cm . The beam spot diameter is approximately 3.8 cm, significantly larger than the size of the device. Beam spot size was measured via X and Y raster-scans at the end of the beamline with a cm aperture surface-barrier detector in 5 mm steps. Results were compared with backscattering measurements to determine relative intensity independent of beam current. All measurements were made at room temperature. 14.3 MeV oxygen has an LET of MeV-cm mg (GaN) and a projected range of m in GaN [16] . Calculations from the Monte Carlo Radiative Energy Deposition (MRED) code [16] confirm that the thin metal layers and passivation on these devices have minimal effects on the incident ion energy.
Transients were measured in real-time using a Tektronix TDS6124C oscilloscope with a front-end bandwidth of 12 GHz. Under the operating conditions described (measuring all four channels), the sampling rate is 20 GS/s, resulting in a measurement resolution of 50 ps per data point. DC bias was provided by an Agilent 4156A parameter analyzer.
The sampling rate of the scope and speed of the transients limit the information that can be inferred directly from the shape of the transient signal. The two scopes used in this work have maximum resolution of 50 and 20 ps per data point, meaning a 100 ps transient pulse will have, at most, five data points. This inherently limits how well the scope will reproduce the transient signal. However, this work qualitatively investigates the mechanisms of charge collection in these devices, as opposed to quantifying the device response. Though the electrical characteristics of the measurement setup (parasitic capacitance and inductance, reflection, scope limitations, etc.) will have some impact on the shape and magnitude of the transient current signal, these factors do not significantly affect the conclusions of this study.
C. Broadbeam Results
In the -gate DUT, current transients were observed exclusively at the gate and at the drain. Fig. 5 shows a typical current transient on each of the four oscilloscope channels. The bias configuration in Fig. 5 is a hard-off state. The threshold voltage of this depletion-mode device is -V. In all cases the drain and gate currents were approximately equal and opposite to within the resolution of the measurements. The voltage signal from the scope was converted to current using the characteristic impedance of the scope input. Despite the high beam flux, the number of detectable transient events was extremely low. In this work, a detectable transient event refers to a recorded trigger on an oscilloscope, always on the channel connected to the gate, as discussed in more detail below. Seconds to minutes passed between oscilloscope triggers. After only a small number of transients are recorded, device performance begins to degrade, likely due to displacement damage. Consequently, very few transient events could be recorded at each bias point ( ), far too few to report statistically significant information regarding bias dependence.
Charge collection efficiency observed was on the order of 10%. This approximate charge collection efficiency was calculated using the integrated transient current signal from the scope, taking into account the charge deposited by the ion into the AlGaN and GaN layers, as calculated using MRED [16] . Charge collection enhancement is not observed in the broadbeam data (or for the microbeam data).
The triggering channel was originally set to be the drain, in anticipation of transient current between the source and drain. The channel was switched to the gate to better examine the observed gate transient current [17] . Triggering on the gate later proved crucial in subsequent tests of Schottky gate devices, as discussed in Section III-D. Given the size of the noise compared to the signal being measured, the trigger was set as low as possible, just above the 2.5 mV noise floor of the testing environment. No transient current was observed between the source and drain.
D. Microbeam Experimental Setup
Devices from the same lot were tested using the Heavy Ion Microbeam at Sandia National Laboratories [18] using a 48 MeV silicon ion beam, with LET of MeV-cm mg (GaN) [16] , and an elliptical spot-size where full-width at half-max m and m. The small, magnetically-focused spot-size of the beam allows collection of positional information over the entire device structure with resolution equal to the respective (x) and (y) FWHM. After exiting the Van de Graaff tandem accelerator, the beam is scanned in the x and y directions over the surface of the device electrostatically [18] . In the case of the Schottky gate device, the substrate is monitored by the scope via conductive epoxy on the backside of the die to capture any substrate transients. The backsides of the MOS devices were grounded to the package as they were in the broadbeam experimental setup.
Transients were measured in real-time using a Tektronix DPO72004 oscilloscope with a front-end bandwidth of 16 GHz. Under the operating conditions described (measuring all four channels), the sampling rate is 50 GS/s, resulting in a measurement resolution of 20 ps per data point. The devices were biased using Keithley 2400 power supplies and were periodically monitored by an Agilent 4156C parameter analyzer to verify the functionality of the device.
E. Microbeam Results
Multiple devices and device structures were investigated using the microbeam.
gate-oxide devices, Schottky gate devices, and gate-oxide devices were measured. As observed in the broadbeam experiments, the number of detectable events in the devices with insulating gate oxides was very low. In the Schottky devices, the transient pulse appears between the gate and either the drain or source, depending on strike location. No measurable current transients were recorded on the substrate channel. As illustrated in Fig. 6a , where every point on the plot represents the location of an oscilloscope trigger on the gate channel, a current transient is most likely to be observed when the ion strike is near either edge of the gate. A few positional outliers can be observed in Fig. 6a , likely caused by stray ions from the beam or another rare event.
Triggering on the gate proved to be the most reliable channel for each type of device; in no instance was a transient recorded between only the source and drain. As in the broadbeam tests, the charge collection efficiency was on the order of 10%. A comparison of m scans with comparable bias conditions and beam flux is shown in Fig. 6 . Each of the two scans measures either a Schottky-gate or -gate device. The window is m m, and is centered approximately on the center of the gate. The scan covers the entire gate in the (approximate) x-direction, as well as the access regions on either side. The number of transient events observed in the Schottky-gate device, and thus the cross-section for measurable events, is almost two orders of magnitude greater than that of the gate oxide device, even taking into account its slightly smaller size. The average peak current of the transients in Schottky-gate devices was slightly larger in general. Far fewer gate-source transients were observed in the gate oxide device.
Comparably-sized area scans were also performed on the gate-oxide devices, but zero events were recorded in these scans, as discussed further below. Irradiation of the -gate device was confirmed by other sensitive structures on the die, and device functionality was also confirmed.
In the Schottky-gate devices, both the total number of events and the mean collected charge were strongly correlated to gate bias. The relationship of collected charge to gate bias is illustrated in Fig. 7 . More charge is collected with increasingly negative gate bias. A more complex trend has previously been observed in other types of III-V HEMT devices [13] . The increasing size of the error bars at lower voltages, especially the last point at -V, underscores that as gate bias approaches the threshold voltage, and the field under the gate decreases, the number of observed transient events falls off sharply.
IV. MECHANISMS
A. Simulation Setup
The device was simulated in 2D using Synopsys TCAD device simulation software [19] . The simulated device was verified to have approximately equal DC ( -) characteristics to the real device. The simulated structure is shown in Fig. 8 , with the yellow arrow indicating strike location. The simulated substrate is m of highly resistive silicon. An electrode is placed at the bottom of this substrate and held at ground. The band alignment between or and AlGaN corresponds to conduction band offsets reported in [6] and [7] , respectively. Ion strikes were defined to be Gaussian in time and space (50 nm track radius, and 1 ps duration). The simulations resulted in transients with comparable temporal profiles to the experimental data. The simulated transients also appeared between the gate and drain or gate and source, consistent with the experimental observations reported above. In each simulation, current transients only appeared at the gate terminal, concurrent with a transient at either the source or the drain, whichever terminal was nearest to the strike. Fig. 9 shows the equilibrium band diagram of an -gate oxide device. The cutline is taken vertically through the device, through the center of the gate, and goes through the oxide, AlGaN, and GaN. The valence band barrier for holes in the channel and AlGaN region to move to the gate is very small ( eV). Given the increasing amount of charge collected with increasingly negative gate bias, and the small size of the valence band barrier, we conclude that the gate collects holes.
B. Simulation Results
To illustrate the reason for the differences in the number of detectable transient events among the various gate structures, equilibrium band diagrams are presented for the Schottky-gate device in Fig. 10 and the gate-oxide device in Fig. 11 . The valence band barrier introduced by the layer is eV, more than an order of magnitude greater than the valence band barrier introduced by the layer. Recall that the Schottky-gate devices had the highest number of detectable events. Simulation results show that these devices also have no valence band barrier for hole collection at the gate. A comparison of the peak transient current height demonstrates why more events were detected in some devices than others. Fig. 12 shows typical gate current transients in an -gate and a Schottky-gate device. On average, the peak current was higher in the Schottky-gate device than the -gate device. Further, even the largest transients (by pulse height) in the Schottky-gate device are only a few mV away from the noise floor of the scope (an 8.4 mV signal compared to a 2.5 mV noise maximum). In the -and -gate devices, it is likely that there are transient events that are too small to be resolved by the experimental setup.
In the Schottky-gate devices, transient pulses either appeared between the gate and drain, or the gate and source. The mechanism behind this is best illustrated by visualizing the conduction band pre-and post-strike along a horizontal cutline through the channel, along the 2DEG between the source and drain contacts. Fig. 13 shows this horizontal cutline in a simulated device constructed like the one shown in Fig. 8 , except for the absence of the 4 nm oxide layer. The red trace in Fig. 13 shows the conduction band 25 ps after the strike. The strike occurs at the Fig. 10 . Equilibrium band diagram of Schottky-gate device. The absence of a gate oxide layer in these devices promotes hole collection at the gate. This is due to the lack of a valence band barrier between the gate metal and the semiconductor material. drain-side edge of the gate. It reduces the conduction band energy significantly, but only on the side where the strike occurs, leaving the overall barrier between source and drain intact. The same band reduction occurs near the source when a comparable strike is incident on the source-side edge of the gate. These devices have relatively large ( m) gates, and the temporal isolation of source and drain transients may not be present in smaller devices.
C. Discussion
The simulation results show that the band alignment determines how much charge will be collected by the gate. In the simulated Schottky-gate device, the ion strikes result in hole current at the gate terminal. In the case of the gate-oxide devices, transient gate current is observed because the valence band barrier is not sufficient to prevent detectable amounts of charge from reaching the gate. In the case of the gate-oxide devices, this wider-bandgap oxide introduces a more substantial valence band barrier, and the magnitude of the hole current at the gate is much smaller than that simulated in the Schottky or -gate devices. The ability of charge carriers to move from the channel to the gate in the event of an ion strike is a phenomenon that could potentially be exploited. The mechanisms of single-event gate rupture (SEGR) are not completely understood [20] ; hole pile-up near the interface, however, plays a role by increasing the electric field in the gate oxide. [21] . The absence of hole pile-up in AlGaN/GaN MOS-HEMTs may prove to reduce the SEGR susceptibility. This will be useful to explore in future work.
V. CONCLUSION
The AlGaN/GaN MOS-HEMTs (with -insulated gates) and HEMTs examined here exhibited significant charge collection at the gate, concurrent with charge collected at either the drain or source. This is a result of the band structure of the device, which promotes hole collection at the gate. Transient current between only the drain and source was not observed. The presence of the oxide layer decreases the number and peak current of detectable transient events in MOS devices relative to comparable Schottky-gate devices. The positional dependence of ion-strike induced field modulation in the channel leads to transients appearing at either the gate/drain or gate/ source. Strikes to the drain or source modulate the potential in the 2DEG in such a way as to prevent charge collection at the opposite terminal. Gate oxide material and band alignment play a key role in the charge collection mechanisms of these MOS-HEMT devices. Ion induced gate transient current may reduce susceptibility to some failure mechanisms common in power FETs.
